Oscillations between swing modes of electric machines is an im portant limitation in achieving a high level of transient performance and reliability in power grids. Based on the new advances in measurement and transmission of wide-area information, this work proposes a distributed networked control scheme by considering the communication delays. The results are applied to reduce the inter-area swing oscillations in a power grid. A realistic modeling of the resulting networked control system with data sampling and delays is provided. The accuracy of the proposed modeling allows for precise evaluation and comparison between the distributed and decentralized schema. A symmetric a dual machine power system is highly oscillatory and we focus on this case to evaluate the ability of the proposed control design in dampening of the oscillations. The design can be done either based on optimization of a quadratic cost function or a disturbance attenuation level.
INTRODUCTION
In many of the modern applications it is possible to have real-time access to remotely measured information. This has been made possible by the advances in the networked communication teclmologies that will continue to provide higher levels of access to remote data. This kind of information access directly influences the control systems in many of the applications by moving the traditionally local controllers toward controllers that use the remote data to achieve higher capabilities.
Inspired by the underlying network of interconnections, such a global system is sometimes referred to as a networked control system (NCS) [1, 2, 3] .
Power grids are one of the largest types of systems that have been invented by the human. For performance and transient stability analysis purposes, the power network needs to be studied as a whole due to the interactive nature of the components. It is expected that a networked control scheme is able to achieve a superior performance compared to the traditional decentralized controllers that use only the locally measured information. Development of data networking protocols for power systems [4, 5, 6] in parallel with wide area measurement (WAM) teclmologies [7, 8, 9] that have been initially intended for monitoring purposes can be used for control and commanding flexible AC transmission systems (FACTS) based on remote feedbacks [10] . Early results in the direction of designing networked controllers for power grids include [11, 12] in which centralized control based on WAM is IEEE 20 17© $31.00/978-1-5090-5963-8/17 871 designed without considering the limitations of data sampling! transmission rate and communication delays. However, these phenomena have crucial effects on the control performance and must not be neglected [13] . In [14] , delays are taken into consideration by assuming that the delays of different links have the same value and centralized control is designed using the Smith predictor method. Other works include application of Lyapunov based techniques for time delay systems [15, 16, 17, 18] that can guarantee the stability and performance with conservativeness.
In this paper we turn to the question that "To what extent the control performance can be improved by applying a networked control scheme?". To the best of our knowledge none of the previous works provide an exact and clear answer to this question. We will aim to study the ability of the networked controller to reduce two different types of quantitative 
IT. MU LTI-MACHINE POWER SYSTEM
In this section, the overall small signal modeling of a power system is considered which is composed of multiple synchronous generators, loads, transmission lines and other components (transformers, etc.). We consider each generator as a subsystem of our model and integrate the rest of power system into network. Thus, if the number of generators is mE ru, then the number of subsystems in the model is m+ 1. We use the basic equations of the generators from [19] with physical units instead of the per unit systems to avoid an increase in the number of variables and relations.
A. synchronous generators
The swing equations of a generator are given by
where the index i denotes the ith generator, Wi is the rotor speed, Di is the angular position of the rotor with respect to a frame rotating with the constant synchronous speed Wo for the whole power grid, T m.i is the mechanical torque applied to the generator which will be assumed to be constant (since its slow dynamics do not contribute to the oscillations), Te.i is the electrical torque produced by the generator, Ii is the moment of inertia of the rotor and Bi is a friction coefficient.
Considering the stator equations in a rotating dq frame, we set the speed of the dq frame to the synchronous speed Wo to be able to compose the generator model with the network. Tn the frequency range for the swing oscillations the amortisseur windings can be effectively neglected and the flux and voltage equations of the rotor are written as
where 1/Jf d .i is the flux of the rotor field winding, if , i is the current of the field winding, ef , i is the voltage applied to the field winding, id , i and iq. i are the d and q axis currents of the stator and Lf,b L a f,b R f.i are the self inductance of the field winding, mutual inductance between field and stator windings and the resistance of the field winding. The stator flux and voltage equations also written as
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Tn the frequency range of the oscillations, the generator dynamics are governed by the mechanical swing (I) and the field winding (2) equations. It means the stator dynamics can be effectively ignored by setting ljJd , i = ljJq , i = O. Hence, a choice of the state vector for the ith generator is
We model the interconnection of the transmission lines, transformers, loads by a linear AC electric network with m ports that are connected to the m generators. Since the frequency of swing oscillation is much smaller than the synchronous speed Wo, we consider the network as a static subsystem (loads are assumed to be static in the frequency range of oscillations) to apply the steady state sinusoidal analysis. For a balanced three phase network, the result of modeling is an admittance matrix with m ports. The voltage phasor of the ith port is ed. i + jeq. i where j is the imaginary unit where ed , i is the element of ith stator voltage in the direction of the synchronous rotating frame and eq. i is the perpendicular element. Similarly, the current phasor for the ith port is id. i + jiq. i' We also consider m disturbance currents in the network with pahsors i�i + ji':,i . Based on these facts we can write (7) The discrete state Zk contains Xk and a limited number of memory elements to capture the delay din (9.3).
The discretization is based on the following lemma
where <p(a) = exp{aA1} f(a) = fa a eA1Sds To save space, it is just mentioned that (12.l ) is proved by replacement in the differential equation and (12.2) is proved by using (15) with tV1> tVz, tV3 given in (14) , (15) and Zk being equal to Xk.
If d> 0, then we write d= qh+r such that q = max{ k E 1':: qh < d} r = dqh 
7)
If q is zero (d :S: h), then the fourth row and column on the right side of (18.1) become null (eliminated) and B2u, D2u are obtained from the third column (otherwise, they are obtained from the forth column).
B. Linear quadratic regulator
. +
For the system (11.1) wIth Wk = 0, kE 71.0 and the cost function J in (11.3) , if the pair (Az, Bzu) is controllable (according to [20] ) then the optimal controller that minimizes J is a state feedback gain FLQR given by FLQR = -(BIuPBzu + Rz)-l (BEzPAz + NJ) (19) where P is calculated from the following discrete-time 20) and the optimal value of J is given by (21 ) C. H = state feedback design 
IV.
DISTRIBUTED NETWORKED CONTRO L SCHEME Consider a large plant (e.g. the power system) which is described by (8.1) with state and input decompositions in (8.2) through (8.4) . The objective of this section is to design a distributed networked control system (DNCS) for such a plant assuming that there is a transmission delay dik in the link from the kth subsystem to the ith subsystem.
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We consider two different performance measures for the control design problem. The first one is a cost function Tn the new coordinates, the cost function J in (25) is written as (32) and the output in (26) is written as (33).
Since the control structure in (27) is not an entire state feedback (from x), it is not possible to fmd the gains in order to optimize the selected performance measures. Because, the optimal gains will depend on the initial conditions of the system in general. However, we can design optimal state feedbacks for each of the subsystems in (31). In fact when we design the control for the ith subsystem, we assume that X k = 0 for every k -=/=. • Stability of each subsystem (due to the optimal control) will ensure the stability of the entire system. Tn this way the cost function Jin (32) and the output yin (33) are reduced to f; in (34) and Yi in (35) for the ith subsystem. 
The delays of u in (27.2) are reflected in U according to (29.2) . We consider the delays in u in the form of (36) In the selected symmetrical grid the oscillations are caused by a difference between the variables of the two generators.
Hence, we define an oscillation mode �\ = Xl -Xz and a common mode Xz = Xl + Xz , (Xi is the state of the ith generator). The changes of coordinates for the inputs are also obtained as ul = Ul -Uz, u\ = Wi -Wz, Uz = Ul + Uz, Wz = Wi + wz. By applying the design procedure of the previous section, the cost function / and the attenuation from the current disturbance (as the performance measures) for the oscillation mode (which captures the oscillations) are plotted in 
VI. CONCLUSION
A framework was presented for distributed networked control system (DNCS) design for large systems based on the linear quadratic cost and Hoo disturbance attenuation performance measures. Since a global optimal design is not possible, the design is based on optimality of different modes.
The results were applied to a symmetrical dual machine power grid to evaluate the ability of the DNCS in dampening of the swing oscillations. 
